Brushless doubly-fed machines (BDFMs) have been extensively researched over the last 15 years because they allow the use of a partially rated inverter in many variable speed applications.
I. INTRODUCTION
The advent of power electronics and microprocessors has largely contributed to the renewal of interests in the Brushless Doubly Fed Reluctance Machine (BDFRM) recently [1] [2] [3] [4] [5] [6] [7] [8] . Owing to its slip power recovery operat ing nature, a feeding converter has to process at most half the machine's output power which means that sig nificant capital cost savings can be made especially in larger drive systems regardless of the increased cost of the machine itself [3] . This is particularly the case if the required variable speed range is restricted, as the inverter size can be further reduced. However, special procedures have to be utilised for machine starting [5] . An additional advantage of the lower inverter rating is the better supply quality, as less harmonics are injected into the power grid.
These attributes make the BDFRM an ideal candidate for "niche" applications such as variable-speed constant frequency (VSCF) hydro and wind power generation [2] , as well as commercial and industrial heating, ven tilation, and air conditioning (HVAC). Because of its ruggedness, enhanced reliability and lower maintenance afforded by the absence of brush gear, it is also a prefer able solution for pump-type applications that have been traditionally served by the slip ring induction machine.
As illustrated in Fig. 1 , the BDFRM has two stator windings of different pole' numbers and a rotor similar to that of the syn'bhronous reluctance machine (SYN CREL). Unlike a conventional machine, the rotor needs to have half the total number of stator poles in order to provide magnetic coupling between the windings, and therefore torque production [1, 3, 4] . Normally one wind ing, known as the primary or power winding, is con nected to the mains supply (with fixed voltage and fre quency), whereas the other is inverter fed, and is called the secondary winding or the control winding.
A closely related machine to the BDFRM, the Brush less Doubly Fed Induction Machine (BDFIM), uses a special rotor cage design composed of nested loops (Fig. 1) . As with the BDFRM, the number of nests must be equal to the sum of the stator pole-pairs for the electromechanical energy conversion to occur in the machine. Clearly, the BDFRM with its cageless rotor structure should be more efficient, easier to model and thus simpler to control as compared to the BDFIM. The efficiency of the inverter-fed BDFRM, as compared to the inverter-fed BDFIM, has recently been experimen tally verified [9] . This paper will consequently limit its discussion to the BDFRM.
The existing literature on the BDFRM control has fo cused on specific applications [2] or control aspects [4] [5] [6] but has not generally analysed the machine to determine its theoretical performance limitations. The aim of this paper is to perform this kind of study. It will estab lish and closely examine the control set-point conditions for the following control objectives: 3. Unity power factor of the windings.
The performance analysis of the different control strategies undertaken in this paper can be used as a "figure of merit" against which the performance of real controllers can be measured.
In the following analysis it is assumed that the shaft [4] , and the position transducer can be eliminated. The development of the expressions used in this paper is very detailed and complicated. References [10, 11] A. Maximum Torque Per Secondary Ampere A desirable property for a BDFRM is to maximise the torque produced for a given inverter current rating i.e. maximise the torque per secondary winding ampere (MTPSA). It can be shown that the machine torque, when the reference frame high permeance axis (d, -axis) is aligned with the primary winding flux vector (w = WP in Fig. 2 ), can be expressed as [5, 7] : (1) where p,. °= number of rotor poles, LP °= primary wind ing inductance, LPs ° primary to secondary mutual in ductance, Ap A= primary winding flux linkage (a con stant), isq A=q-axis secondary winding current and as °=controllable secondary current angle (Fig. 2) . The definitions of the above three-phase inductances can be found in [8] .
One should emphasise that (1) is the basic form that one would use for torque control [5] . This expression is identical to that for a standard wound rotor induc tion machine (WRIM) in a stator flux oriented reference frame. It is important to stress this as the BDFRM and the WRIM have essentially the same d-q model [1] , and can share similar control schemes [4, 12] despite a fun damentally different principle of operation [3, 4] .
We can immediately see from (1) that the torque-per secondary-ampere (T/is) is a maximum if as = 7r/2. It has been demonstrated in the previous work of the authors [8] , that in this respect, the BDFRM can not compete favourably with the axially laminated SYN CREL, under the condition of the same copper losses and the same amount of active material in both the ma chines.1 The reason for this is the quite peculiar torque producing mechanism of the BDFRM resulting in rel atively weak magnetic coupling between the windings and modest Lps/Lp values [3, 4] . This implies that a larger BDFRM is required, and a cost penalty on the machine side is to be paid relative to the similarly rated SYNCREL, or an equivalent cage induction machine. However, the total system cost of a BDFRM based drive can still be lower because of the much smaller inverter rating (this is particularly true in medium to large sys tems where the inverter cost is a significant component of the overall system cost).
It is opportune to now consider the real power rat ing of the inverter in a BDFRM system. This rating is obviously dictated by the proportion of the shaft power that is supplied by the secondary winding of the ma chine. This in turn can be shown to be related to the generalised slip of the machine2 which is defined as: (2) where wP °= the primary winding frequency, and w9 A the secondary winding frequency.
It has been shown [10, 11] that the primary winding and secondary winding rotational powers are:3 (3) (4) where pr °= the number of rotor poles and Te A= the electromagnetic torque.
The total rotational output is obviously Prot = Psrot + PP,ot =wrmTe where wrm °= the rotor mechanical angular velocity.4 Equation (4) can be arranged in terms of the machine 1The comparison with the axially laminated SYNCREL can be taken as an approximate comparison with the induction machine due to the performance similarity between the two machines. 2The slip power relationship for the BDFRM secondary winding has an exact analogy in the double-fed slip ring induction machine, where the slip recovery power is proportional to the slip.
31t can be seen in Appendix A that the pu values of these powers are PPn = (1/2)Tn and Psn = (wsn/2)Tn. These pu quantities emphasise that the secondary real power depends on the variable secondary frequency, whereas the primary real power is only de termined by the output torque.
4In terms of slip, this can be expressed in a manner analogous to a conventional 2p,-pole induction machine i.e. Wrm (1 3)'P/P,. slip as follows: (5) The following observations can be made about (5) for a lossless machine. If s = 0 then the secondary power is zero, regardless of the output power. This corresponds to we = 0, which means that the BDFRM is operat ing as a 2p,.-pole synchronous turbo machine (i.e. the secondary winding is supplying the DC field current). For s = -1 the secondary real power is one half the total shaft output power. In this case we = w, and both windings are carrying equal amounts of power. The other extreme condition is s = I when the machine is at standstill. It can be seen that the denominator of (5) is then zero, leading one to think that the secondary out put power becomes infinity. However, this corresponds to a zero rotational output power condition, and there fore the power fed into the primary is regenerated back into the supply by the secondary. Needless to say this is the most inefficient machine mode that one can have since there is not output power, and the input power is feeding the losses of the machine. For all shaft speeds re quiring a reversal of the phase sequence of the secondary (which means a negative w8), power is being supplied by the primary via expression (3) (note that this is only re lated to the output torque, and not the output power), whilst the secondary is returning power back to the sup ply so that the correct mechanical power is obtained.
To summarise the above discussion, one can see that the inverter connected to the secondary only has to be partially rated as far as the shaft rotational power is con cerned. The specific rating of the inverter is related to how much the shaft speed varies from the "synchronous" speed of the machine i.e. it is determined by the gen eralised slip values s. For a full speed range, then the inverter should be rated at a maximum of half the out put power. If the speed range required is restricted then the proportion of the output power supplied by the sec ondary is s/(s 1).
An important influencing factor on the inverter size not mentioned in the previous discussion is the amount of imaginary power that the inverter has to handle (i.e. reactive power in steady state). Clearly the machine has to be magnetised in order to function, and the magneti sation current supplied via the inverter fed secondary winding (as compared to the non-inverter connected pri mary winding) will affect the rating of the inverter. The issues addressing this aspect are considered in detail in Section II-D. 
It should be noted that (7) automatically takes into ac count the constant flux and frame alignment conditions contained in (16). Fig. 3 presents a numerical solution of (8) for the op timal as that minimises it.. This could be stored in a look-up table for real-time control implementation on a DSP. The respective primary current angles ar, (Fig.  2) are calculated using (7) . The plots throughout the paper have been generated assuming (= 9/7, this corre sponding to a typical SYNCREL saliency ratio of 8 [8] .
One immediate observation from this figure is that a, does not change as much with differing torque levels as ap does. Note also that its value is only slightly greater than it/4, meaning that the secondary winding is partic ipating in both the magnetisation of the machine and its torque production. The primary current, especially at lower torques, contributes mainly to the machine flux.
The plots of the individual current magnitudes for the windings (equation (15)) under the maximum-torque per-total-amperes (MTPTA) angle conditions are pre sented in Fig. 4 . It can be seen that the secondary current varies considerably with torque level as the lat ter is influenced primarily by the iaq(see (1)), and a8 is higher than 7r/4 rads. Therefore as increased torque is required significant current change will occur in the In order to investigate the effects of secondary current angle variations on the power flows in the BDFRM, (7) has been plotted for a variety of a8 with a constant torque Tn= 1. Fig. 5 shows the resulting locus of the current angles. These angles can be correlated with the power curves in Figs. 6 and 7 generated assuming the secondary applied frequency of we = wp i.e. wsn = 1. One can see that an = 7r/2 for unity primary power factor, which agrees with intuition. Also note that the primary and secondary windings carry equal amounts of real power as follows from (19) and (20). Therefore, in this case the inverter has to be rated to handle half the mechanical power produced by the machine, and the reactive power for the field.
If wen < 1 then it can be seen from (20) and (23) that both real and reactive power contributed by the secondary winding decrease proportionally with wen and become zero at wsn = 0 (for a lossless machine) when the BDFRM effectively behaves as a 2p,.-pole synchronous machine with field control. For w8n < 0 (this simply means the opposite phase sequence to the primary) the secondary winding functions as in slip energy recovery systems, with some of the real power from the primary winding being returned to the supply. One can eas ily conclude looking at (20) that a fractionally rated inverter is sufficient if the BDFRM is to be operated in a narrow range around the synchronous speed. This characteristic makes the BDFRM more than suitable for pump applications where the speed ratio is typically 2:1 or less.
Figs. 6 and 7 also demonstrate the primary winding power factor control capabilities of the BDFRM. How ever, this comes at a price the secondary has to supply its own reactive power as well as that normally absorbed by the primary winding. The secondary power factor is consequently very bad in the low as region, and larger currents are required for the real power that is being supported by the secondary. This trend is clearly shown in Fig. 8 and will also be verified in the next section. A bidirectional converter feeding the secondary has to be rated appropriately if primary power factor control in these regions is desired. Note also that the minimum total current in Fig. 8 corresponds to the MTPTA a8 angle in Fig. 3 as expected. Furthermore, the total cur rent is virtually constant at higher a8 angles (Fig. 8) as the d-axis secondary current is low since the machine flux is supplied by the primary, and the sin a8 term in (1) means that i8 is virtually constant. As a result, the to tal current loading in this angle region is approximately equal to the primary current. One of the most important properties of the BDFRM is the inherently decoupled control of torque (primary power in generating mode) and primary reactive power [5] . It is evident from (1) (or its normalised form (14)) and (22) that the secondary q-axis current is entirely responsible for torque production whereas the reactive power is only affected by the respective d-axis compo nent. Therefore, even though the primary flux is fixed by the mains, we are still in a position to vary the grid power factor independently from torque. Unity primary power factor (UPPF) is obtained when Qpn = 0 and occurs at:
For Tn = 1 this is 0.46-rad as shown in Figs. 6 and 7.
From (7) the corresponding primary current angle is apuppf = 7r/2 at any torque (as noted previously). This result is expected as the primary current vector in quadrature with the flux producing dp axis contributes no flux in the machine. The secondary winding would be carrying all of the magnetising current in this case.
If the primary power factor performance is not an issue and the system cost is the major concern, then the (10) where kpe is the coupling coefficient as defined in Ap pendix. Notice that although QB.a = 0, a8uapf is not 7r/2 since the dp-axis control frame chosen (Fig. 2) is along the primary (not secondary) flux vector. Another point to note is the significance of good magnetic interaction between the windings which is obvious from (23) the higher kpe the lower reactive power (Q,,,) and the better power factor (cos 08).
The plots of (9) and (10) for maximum power fac tor strategies that one would implement in a torque controller are presented in Fig. 9 . The fact that the USPF secondary current has a demagnetising effect (as asuspf > it/2 i.e. isdn < 0) means that a significant ex tra d-axis current is needed in the primary to preserve constant flux in the machine. As a result, the USPF ipn is about 2.5 its UPPF value (Fig. 10 ) the ratio being even higher at lower torques when most of the USPF ipn current is flux producing (note the virtually flat curve in this torque range) and the UPPF current (a coupled 2sgn as apuppf=7r/2 and ipd =0) is small.
The other more important aspect of this power factor control is the influence it has on the inverter size re quired for a drive system. If the UPPF is desired, then the values of ae are low and the secondary power fac tor is poor (Fig. 11) indicating an inefficient use of the inverter. Therefore, its current rating would have to be higher for a given output torque as anticipated earlier. This is illustrated by the top characteristic in Fig. 10 , which also conforms with the results in Fig. 8 .
The situation is diametrically opposite under the USPF conditions, as the ae angles are above it/2 and the secondary carries less reactive current. One can see in Fig. 10 that i8nllepf 0.5ienuppf at Tn = 1 (and less at lower torques) meaning that at least a half current rated inverter can be used in this case. However, the primary power factor is then a compromise and its maximum value is about 0.4 (Fig. 11) .
If the machine is operated at the maximum torque per secondary ampere (MTPSA), the primary power factor can be somewhat improved and the inverter current rat ing further reduced but at the cost of moving away from the optimum inverter VA i.e. USPF point (Figs. 10  and 11 ). In regard to the primary power factor perfor mance, the MTPTA strategy appears to be superior to the MTPSA as the power factor values vary from zero to approximately 0.79 (not shown in Fig. 11 ) over a torque range of 0 to 1.5-pu. It is clear from the analysis in this paper, and from other papers referenced, that for the same torque out put the BDFRM has to be larger than an induction or synchronous machine. Therefore it is likely that the economics of machine/inverter size trade-offs will even tually decide the technological future and practical use of this interesting and unusual machine.
The development of a 6/2-pole axially-laminated pro totype and a control system for implementation of the considered control methodologies is currently in progress. The results of this work will be presented in our future papers. The normalisation bases and per unit expressions for the BDFRM using standard notation are:
(11) (12) vB; wB ° the grid supply voltage;frequency (13)
(15)
(23) 
